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This studyreassese Schwartz and Dockerys anabsis ofdailymortalityfrom nonexternal causes
amongresidents ofPhiladephia, Pennyvania, over8 years,from 1973 to 1980 [America RePvew
ofRespiratory Dicese 145:600-44 (1992)]. A Poisson analysis using the same model
foundthata 100-pg/m3 increment inthe 48-hrmea cocentation oftotal sndedparticules
(TSP) was assocated with in all-cause mortality [rare ratio = 1.069; 95%cnfidence inter-
val (CI), 1043-1.096) after adjent for q tic trend, seawon,year,preous day'smean te-
perature, dew point, winer temperatre, and indicators ofhot (tempeature > 80W) and humid
days (dewpoint> 66WF). Criticssuggested thattime-vayin factors su as ssnanddayofweek
were not sfficientlycontrolledin thisanablis and subsequent udies inotherlocations. Weused
aconditionallogistcregressionanalysiswith acase-crossoverdesign torenalyze thedata,withair
pollution in the prior and subsequent weeks to the day ofdeath serving as referentperiods. The
case-crossover approach controls for season and day ofweekbydesign rathe than delig We
found that a 100-pg/m3 t in the 48-hr mean level ofTSP was asiated with increased
ali-cause mortality [odds atio (OR) rn 1.056; CI, 1L027-1.086) after adjustent for the same
weather variables as above. Similar associtions were observed fori death in individuas over 65
years ofage (OR = 1.074; Cl, 1.037-1.111) and for deaths due to ardiov ular dise (OR =
1.063; CI, 1.021-1.107). The current case-crossover analysis confirms the general condusion of
the previous Poisson regression analysis of an association ofTSP with daily mortality in
Philadelphia, Penasylvan Key work air pollutants, caseossover, mortality. Environ Heali
Perpect107:629431 (1999). [Online24June 1999]
btp.://ebpnnl.niehtni.govldacs/1999/107p629-63lnealbaract hem!
The most common technique for modeling
the covariation of environmental exposures
and counts of health events over time has
been Poisson regression analysis (1,2).
An approach that examines associations over
time rather than over space is attractive
because many potential covariates are con-
trolled by design, rather than by regression
modeling. Because the same population is
examined repeatedly under varying exposure
conditions, time invariant characteristics
such as sex and race are not potential con-
founders. Covariates that have secular trends
or vary seasonally may be weakly correlated
with environmental exposures, but the
potential for these covariates to confound
the short-term health effects of particulate
matter may be controlled by modeling time
trends and season. These advantages have
allowed Poisson regression analyses of daily
time series to identify airborne partides and
ozone as predictors of deaths and hospital
admissions in many studies around the
world (3). Recently, even more sophisticated
analytical techniques have been introduced
for trend and seasonal adjustment, culminat-
ing in the introduction ofgeneralized addi-
tive models (2). However, some critics have
argued that the particulate matter associa-
tions are not robust to alternative techniques
for the control oftrend and season (4,5).
Another issue in these Poisson regres-
sion analyses has been the lack of a full
enumeration and characterization of the
population at risk. To omit the offset term
from the Poisson regression model, the
investigator must assume that the popula-
tion at risk is very large relative to the daily
number ofevents and that the composition
and size of the population at risk does not
covary with the exposure of interest.
The later assumption may not be fully met
whenever the susceptible portion ofthe total
population at risk may be increased by the
cumulative effects of prior exposures or
decreased by the adverse effects of prior
exposures (harvesting).
The case-crossover design avoids both
problems by restructuring the analysis (6).
The case-crossover design is an adaptation of
the case-control design inwhich cases serve as
their own controls. A subject's characteristics
and exposures at the time of a health event
(case period) are comparedwith another time
period when that subject was a noncase (con-
trol period). Each risk set consists ofa single
individual who crosses over to different expo-
sure levels in the intervals between the control
and case periods. Because each subject serves
as his or her own control, this approach con-
trols for stable subject-specific covariates by
design. These matched sets of a case period
and one or more control periods may be ana-
lyzed using conditional logistic regression.
The size of the population at risk is not an
issuewith this design.
The case-crossover design also controls
many time-varying confounders by design
because the case and control periods in each
risk set are separated by a relatively small
interval of time. This time interval may be
only a few hours in some cardiovascular
research (7,8) or several days in air pollution
research. Factors that vary slowly over a
longer time scale, such as trend, season, and
smoking status, are essentially the same in
both periods and therefore do not confound
the health effects of more rapidly varying
factors such as air pollution. Weather factors
such as temperature and precipitation may
covary on the same time scale as air pollu-
tion and so must be controlled in the analy-
sis. Long-term variations in the prevalence of
chronic health problems cannot confound,
but chronic disease may be an indicator ofa
sensitive subpopulation.
We have used the case-crossover tech-
nique to reassess Schwartz and Dockery's
analysis ofthe association oftotal suspended
particulates (TSP) with daily mortality from
nonexternal causes among residents of
Philadelphia, Pennsylvania, over 8 years,
from 1973 to 1980 (9).
Materials and Methods
Site descrption. In 1980, Philadelphia had
1,688,710 residents. The regional transport
ofcombustion-related particles and oxidants
was the primary source ofambient air pollu-
tants, but major local sources induded parti-
cles from mobile sources and a complex of
petroleum refineries south ofthe city.
Pollutant and meteorological measure-
ments. Pollution data were retrieved from
the national aerometric data banks of the
U.S. Environmental ProtectionAgency (1J).
Daily monitoring for TSP was conducted at
two population-based monitors (1501 East
Lycoming Street and 500 South Broad
Street) supplemented by sampling every
sixth day at several additional sites. Citywide
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means for TSP were calculated for each day
from the available monitoring data. As in the
previous paper (9), the TSP data were aver-
aged over a 48-hr period (midnight to mid-
night) ending on the specified date.
Meteorological data included the 24-hr
mean temperature on the previous day and
the 24-hr mean dew-point temperature on
the dayofdeath.
Daily mortality. Al deaths ofPhiladelphia
residents were extracted from detailed mortal-
ity tapes prepared by the National Center for
Health Statistics (NCHS) for the calendar
years 1973-1980. Deaths from accidental
causes [International Classification ofDiseases,
9th Revision (ICD-9), codes . 800] were
excluded, as were all deaths that occurred
outside ofthe city. Daily mortality was sum-
marized as the total, by age (< 65 years and .
65 years) and by principal underlying cause
of death [cardiovascular disease (ICD-9
390-448) and cancer (ICD-9 140-208)].
One or more deaths from each ofthese caus-
es occurred on 74% of the days during the
studyperiod.
Statistical methods. The case-crossover
design uses conditional logistic regression
models to analyze the exposure odds for the
case period as compared with the control
period. The standard rate model for condi-
tional logistic regression is
1 z
EY,j
pZi.
where xij is the number of cases in thejth
matched risk set in the ith covariate pattern,
Y is the number ofcontrols, Zi is the inde-
pendent variables for the ith covariate pat-
tern, 0Y. is the sampling rate for the controls,
00i is the baseline hazard, and pZi is the rate
ratio for the ith covariate pattern. The sam-
pling rate and the baseline hazard rate in a
conditional logistic model are not directly
estimated because the model conditions on
these parameters.
The control periods are generally selected
to control relevant time-varying confounders.
For ambient air pollutants, the case period is
the 48-hr period ending at midnight on the
day of death. The reference or control peri-
ods are selected to control confounding by
day ofweek, that is 7, 14, or 21 days before
the case period and 7, 14, or21 days after the
case period. Symmetric control periods
around the case period were chosen to con-
trol for the long-term time trend in the data.
As with any matched design, multiple refer-
ence periods may be used in the analysis. All
of the deaths occurring on a given day share
the same exposures in both the case period
and control period. A detailed discussion of
control sampling strategies for case-crossover
studies has been previouslypublished (11).
We analyzed the daily mortality counts
by a case-crossover model using the SAS con-
ditional logistic regression procedure (12).
The case periods and control periods paired
by date were modeled as a function of the
covariates, with weights equal to the number
ofdeaths on that day. The covariates includ-
ed the 48-hr pollutant concentration ending
on the dayofthe death, the 24-hr mean tem-
perature on the previous day, the 24-hr mean
dew point temperature, an indicator for hot
days with average temperatures greater than
80°F, an indicator of humid days with dew
points greater than 66°F, and an interaction
between winter season and current 24-hr
mean temperature.
Results
Meteorology and airpollutant concentra-
tions. Complete data on TSP, temperature,
dew point, and relative humidity were avail-
able for 2,669 days over the 8-year period of
1973-1980. The 24-hr average temperatures
ranged from 4 to 880F, with an average of
55°F. The 24-hr average temperatures
exceeded 80°F on 153 days (5.7%) and these
days were characterized as hot days. During
the winter months (December through
February), the 24-hr temperatures averaged
33°F. The 24-hr mean dew point tempera-
tures ranged from -17 to 76°F, with an aver-
age of 43°F. The 24-hr average dew point
temperatures exceeded 66°F on 346 days and
these days were characterized as humid days.
Dewpoint temperatures were highly correlat-
ed with temperatures, with a Pearson's corre-
lation coefficient (r) of0.88.
The 48-hr average TSP levels ranged
from 24.5 to 233 pg/m3, with an average of
76.9 pg/m3 and an interquartile range of32
pg/m3. A gradual decline in TSP air pollu-
tion was observed over the study period, but
the dedine was modest (-2.8 jig/m31year).
Descrqption ofdaily mortality. Over the
2,669 days with complete air monitoring
data, there were 127,614 deaths from
nonexternal causes among Philadelphia resi-
dents: 83,172 among residents <65 years of
age (65%), 58,178 due to cardiovascular
disease (46%), and 28,023 due to cancer
(2%). Total daily mortality ranged from
26 to 86 deaths, with an interquartile range
of 11 deaths. Mortality declined by 0.7
deaths/year and showed an annual cycle
[coefficient ofdetermination (r2) = 0.14] in
a model with two pairs of sine and cosine
terms withperiods of365 and 120 days (9).
Poisson regression models. A reanalysis
ofthe data using Poisson regression models
replicated the results reported in the earlier
paper (9). In the Poisson models, trend was
modeled with linear andquadratic functions
and year and season were modeled with
indicator variables. A 100-pg/m3 increment
in TSP was associated with total mortality
in models controlling for trend, year, sea-
son, and the meteorological covariates [rate
ratio = 1.069, 95% confidence interval (CI),
1.043-1.096]. Meteorological variables
were modeled as in the original paper for
comparability.
Case-crossover regression models. Using
six reference periods (7, 14, and 21 days
before and after the case period), a 100-
jig/m3 increment in TSP was associated
with total mortality [odds ratio (OR) =
1.056; CI, 1.027-1.086) after adjustment
for the 24-hr mean temperature on the pre-
vious day, the 24-hr mean dew point tem-
perature, an indicator for days with average
temperatures > 80°F, an indicator ofhumid
days, and an interaction between winter sea-
son and current 24-hr mean temperature. A
model with four symmetric reference peri-
ods 7 and 14 days around the case period
produced a similar result, but a model with
only two symmetric reference periods of 7
days around the case period produced a
stronger association (Table 1).
To test the adequacy of the case-
crossover design to control for seasonal vari-
ation, we included two pairs of sine and
cosine terms with periods of 365 and 120
days. With symmetric reference periods, the
Table 1. Adjusteda odds ratios forthe association of daily mortalitywith a 100 pg/M3 increment in the 48-hr
average oftotal suspended particulates(TSP), Philadelphia, Pennsylvania, 1973-1980.
Withoutseasonal With seasonal
Control periods adjustmentb adjustmentb
Before and after case period
7 days 1.105 1.104
7 and 14 days 1.050 1.048
7, 14, and 21 days 1.056 1.055
Before case period only
7 days 1.123 1.106
7 and 14days 1.073 1.047
7, 14, and 21 days 1.072 1.041
The common case period forexposure was a 48-hr average TSP ending onthe day ofdeath.
&Adjusted for yesterday's 24-hour average temperature, today's dew point, winter temperature, and an indicator of hot
days. bAdjustmentfor season with foursine and cosinefunctions with periods of365 and 120 days.
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association of TSP with mortality was not
altered by adjustment for season (Table 1).
When only prior reference periods were
used in the analysis, a larger pollution effect
was seen before, but not after, this cyclical
adjustment (Table 1).
The crude association ofTSP and mortali-
ty without adjustment for weather (OR =
1.086) was substantially larger than the adjust-
ed association (OR = 1.056). The association
was not further reduced by the inclusion ofan
indicator of humid days. The relationship
between TSP and mortality did not depart
greatly from linearitywhen TSP was modeled
adding a quadratic term (X2 = 2.8) or by a
natural cubic spline with knot points at the
upper and lower quartiles (X2 = 5.9).
A larger effect was seen for deaths in per-
sons . 65 years of age (OR = 1.074; CI,
1.037-1.111) and for deaths due to pneumo-
nia (OR = 1.076; CI, 0.918-1.260) and to
cardiovascular disease (OR = 1.063, 95% CI
1.021-1.107) in the model with six reference
periods. Cancer mortality was not associated
with TSP (OR = 1.004; CI, 0.945-1.066).
Discussion
In earlier Poisson regression analyses (9), the
association between TSP and daily deaths in
Philadelphia was robust to the method of
modeling time trends, seasonal patterns, and
weather. Similar results were found using
generalized additive models, which use non-
parametric smoothing to fit nonlinear func-
tions oftime and weather (3). Schwartz (3),
Schwartz and Dockery (9), and Kelsall et al.
(13) found that these results were insensitive
to model specification. However, Li and
Roth (4) and Moolgavkar et al. (5) have
challenged these reports. Further, the degree
ofsensitivity may depend on the correlations
between particulate air pollution, season,
and weather, which vary from city to city.
Hence the results in other locations may be
less robust to model specification. A
methodology that controls for such patterns
bydesign is clearly avaluable contribution.
The case-crossover approach has the
potential to control for some ofthese factors
bydesign by comparing the current exposure
period in the 48 hr immediately before death
with referent exposure periods in the same
season and close in time. However, most
case-crossover studies use a prior reference
period. In that case, the case event always
follows the control period, and there is per-
fect confounding with time trends, if pre-
sent. Because time trends are usually present
in mortality series, symmetrical reference
periods are needed (14). Symmetrical refer-
ence periods close together in time seem like-
ly to control for season as well as trend. By
using symmetric 7-, 14-, or 21-day reference
periods, the case-crossover model eliminates
by design the confounding effects of long-
term trend and day ofweek. In this analysis,
the symetric reference periods appear to
control for seasonal variation as well.
Further, because the case and control peri-
ods are limited to a similar part ofthe same
season, the range ofvariation ofthe weather
variables is more limited than in the Poisson
regressions and therefore may be easier to
control by modeling weather variables. We
believe that this demonstrates the utility of
the case-crossover approach in reducing the
dependence of conclusions about air pollu-
tion associations on modeling assumptions.
It is important to control for season and
day-of-week effects (or at leastweekend/week-
day contrasts) for several reasons. There is
considerable seasonality in mortality that
remains even after control forweather. This is
due to unmeasured factors such as time
spent outdoors, viability of viruses, etc.,
which vary seasonally. Because air pollution
also has seasonal variability, this has the
potential to confound the pollution associa-
tions if not controlled. In addition, season
probably modifies the relationship between
ambient concentrations ofparticles and per-
sonal exposure to particles ofambient origin.
Time spent outdoors and window opening
are two obvious reasons. In addition to this
365 day cycle, behavior and exposure change
substantially between weekdays and week-
ends. A case-crossover analysis with control
periods chosen as multiples of 7 days is an
elegant way to accomplish these goals.
We have confirmed the previous results
of Schwartz and Dockery (9), Schwartz
(3), Kelsall et al. (13), and Samet et al. (15)
that the association of particulate air pollu-
tion with increases in daily mortality in
Philadelphia are not sensitive to change in
modeling techniques. Unlike Poisson regres-
sion analyses, the case-crossover model con-
trols for trend and season by design and limits
potential confounding by weather due to the
reduced range ofvariation in weather factors
between the case and control periods. Adisad-
vantage to the case-crossover approach is that
the model for total mortality has a larger stan-
dard error in the case-crossover analysis
(0.0142) than in the Poisson analysis
(0.0126). This loss of statistical power will
increase whenever there are some days that
have no deaths. The lower statistical power of
the case-crossover design has been previously
noted (16).
The analysis here has been restricted to
comparing the results using one pollutant.
There are multiple pollutants in the air in
Philadelphia, and those associations have
been well documented (13,15). They are
not repeated here because our goal is to
demonstrate the methodology of case-
crossover designs, not repeat analyses that
have been done before.
An advantage of the case-crossover
approach is that it may be implemented with
any statistical software that supports condi-
tional logistic regression, whereas generalized
additive models are only available in more
advanced and difficult packages, such as S-
Plus [Statistical Sciences Corporation,
Seattle, WA (17)]. More importantly, the
case-crossover approach in principle allows
the investigator to utilize additional data on
each individual death. Additional death cer-
tificate information such as exact age, con-
tributing cause of death, and location of
death, might be useful as covariates and
effect modifiers in the case-crossover setting.
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